Studies in the 1930s demonstrated that birds possess photoreceptors that are located within the hypothalamus and regulate photoperiodic responses to day length [1, 2] . Most recently, photoperiod has been shown to alter the activity of the pars tuberalis to release thyrotrophin, which ultimately drives a reproductive response [3, 4] . Despite these significant findings, the cellular and molecular identity of the hypothalamic photoreceptors has remained a mystery. Action spectra implicated an opsin-based photopigment system [5] , but further identification based on rod-or coneopsin probes failed, suggesting the utilization of a novel opsin [6] . The vertebrate ancient (VA) opsin photopigments were isolated in 1997 [7, 8] but were thought to have a restricted taxonomic distribution, confined to the agnatha and teleost fish. Here, we report the isolation of VA opsin from chicken and show that the two isoforms spliced from this gene (cVAL and cVA) are capable of forming functional photopigments. Further, we show that VA opsin is expressed within a population of hypothalamic neurons with extensive projections to the median eminence. These results provide the most complete cellular and molecular description of a deep brain photoreceptor in any vertebrate and strongly implicate VA opsin in mediating the avian photoperiodic response.
Reproduction and other seasonal phenomena in temperate birds are profoundly influenced by changes in photoperiod. The ability to generate a photoperiodic response requires the following: (1) photoreceptors to detect the light, (2) a clock or timer to measure photoperiod duration, and (3) an effector system to activate reproductive and allied physiological responses. In birds, all of these components have been shown to reside within the mediobasal hypothalamus (MBH). During the 1970s, lesions within the avian MBH were shown to block the photoperiodic response [9, 10] , whereas electrical stimulation of this brain region resulted in luteinizing hormone (LH) release [11] . The use of immunocytochemical approaches in the 1980s allowed a description of output pathways including the gonadotrophin-releasing hormone (GnRH) system. Neurosecretory GnRH perikarya reside within the anterior and medial hypothalamus and project to the median eminence (ME) [12, 13] . Changes in day length have also been shown to alter the pattern of Fos expression within the MBH and ME, suggesting an important role for these regions in transducing photoperiod into an endocrine response [14] . The expression of multiple clock genes within both the MBH and the suprachiasmatic nuclei has suggested a location within the hypothalamus for the photoperiodic clock [15] . For many years, thyroid hormones have been known to play a critically important role in regulating the avian photoperiodic response [16] , and recent studies by Yoshimura and colleagues have placed these observations into a physiological context showing that long day lengths regulate thyroid hormone metabolism within the MBH [3, 4] . Collectively these discoveries have allowed the development of a working model for photoperiodic time measurement, which can be summarized as follows: Photoperiod is detected by uncharacterized hypothalamic photoreceptors, and day length is measured with a molecular clock. Long day lengths stimulate cells (thyrotrophs) in the pars tuberalis (PT) of the anterior pituitary to release thyrotrophin (TSH), which in turn stimulates ependymal cells (tanycytes) of the third ventricle. The tanycytes express a type 2 deiodinase (DIO2) enzyme, which converts the prohormone thyroxine (T 4 ) to bioactive triiodothyronine (T 3 ). T 3 then stimulates neurosecretory GnRH release from terminals within the ME. GnRH is released into the portal blood supply and reaches the anterior pituitary, where it stimulates the release of the pituitary reproductive hormones including LH and FSH (follicle stimulating hormone). These hormones travel via the general circulation to the reproductive organs to regulate the production of the steroid hormones, which include testosterone and estrogen. This recent description, however, lacks any molecular or cellular detail regarding the nature of the deep brain photoreceptors that detect photoperiod [17] .
The first evidence for the existence of deep brain photoreceptors emerged in 1911 when Karl von Frisch showed that light-induced color changes in the skin of the minnow (Phoxinus laevis) occurred in the absence of the eyes and pineal complex. The receptor was localized to the diencephalon by the placement of lesions within the basal brain that blocked the melanophore light response. On the basis of these data, von Frisch proposed that the ependyma of the ventricles was photosensitive [18] . Subsequent studies demonstrated the presence of encephalic photoreceptors in all nonmammalian vertebrates (e.g., [19, 20] ). Deep brain photoreceptors were first described, in birds in the 1930s, by Benoit, who placed fine glass rods within the hypothalamus of ducks and illuminated this region of the brain with artificial day lengths. Spring-like day lengths stimulated testicular growth, whereas short winter photoperiods had no effect upon reproduction [1, 2] . In the late 1960s, Menaker and colleagues confirmed that the photoperiodic control of reproduction is mediated by extraretinal and extrapineal photoreceptors [21] , and by the 1980s the direct illumination of the brain with radioluminous beads or fine fiber optics had shown that these photoreceptors reside somewhere within the MBH [22, 23] . It is worth stressing that the avian skull and brain are very permeable to light and although sunlight is scattered and absorbed by the overlaying tissues, large numbers of photons penetrate deep into the brain [24] .
Action spectroscopy provided a clue as to the molecular identity of these photoreceptors. An absorption-corrected action spectrum for photoperiodic induction in the Japanese quail described an opsin-based photopigment with a l max at w492 nm. A recent reanalysis of the original data using nonlinear regression to improve template fitting suggests that the l max is closer to 483 nm (S.N.P. and R.G.F., unpublished data). Although action spectroscopy had inferred the biochemistry of the hypothalamic photopigment [24] , the precise molecular identity remained unresolved. Two previous lines of inquiry, however, are worth discussing here in some detail. A study by Silver and colleagues used the aminoterminal rod photoreceptor antibody (RET-P1) to immunolabel a population of cerebrospinal fluid (CSF)-contacting neurons within the septal and tuberal areas of the brain of the ring dove [25] . However, the authors were cautious about the interpretation of their findings because the RET-P1 antibody labeled multiple proteins on immunoblot analysis and none were the correct molecular weight for an opsin [25] , suggesting that the immunolabeling was nonspecific. This was subsequently confirmed by the absence of staining in brain regions with the 1D4 antibody, which detects a highly conserved C-terminal rod opsin sequence motif. Similar nonspecific results have also been reported in pigeon deep brain regions, where staining was observed with a rod opsin aminoterminalspecific antibody but was absent when investigated with a C-terminal antibody [26] . Multiple independent studies have also been unable to detect labeling of any rod opsin-positive neurons within the avian brain with antibodies raised against a range of vertebrate rod opsins [6, 27] . Despite the contradictory nature of these results, the findings with RET-P1 are frequently cited as a demonstration that the avian deep brain photoreceptors are based upon rod opsin. A second, and more recent, line of inquiry has identified melanopsin (OPN4) within the avian brain. Chaurasia and colleagues [28] isolated chicken OPN4 and showed by in situ hybridization that it is expressed in the retina, pineal, and brain of 1-day-old chicks. Melanopsin expression within the brain was confined to the lateral septal organ and habenular nuclei, with no expression in the hypothalamus. Because all the components of the avian photoperiodic response (photoreceptor, timer, and effectors) are confined to the MBH, the location of OPN4 precludes it as the primary photoperiodic receptor.
In the absence of a strong contender for the photoperiodic photopigment, we decided to search again for candidates, utilizing four criteria that had to be fulfilled by any molecule. The candidate photopigment would need to (1) have the characteristics of an opsin-like protein; (2) form a functional, vitamin-A-dependent photopigment in vitro; (3) exhibit gene expression within the MBH; and (4) form a protein that is localized to cellular compartments within the MBH. In this paper we describe the isolation of chicken VA opsin (cVA) and demonstrate that it fulfills each of these criteria. VA opsin was first isolated from ocular cDNA from Atlantic salmon (Salmo salar) [7] and has been subsequently described in many species of teleost fish and the agnatha. Critically, when expressed in vitro and reconstituted with 11-cis-retinal, VA opsins form functional photopigments with l max between 460 and 500 nm [8, 29] . The teleost VA opsins are expressed in a subset of neurons in the horizontal and ganglion cell layers of the retina, in the pineal, and in two bilateral columns of subependymal cells of the epi-and hypothalamus [29, 30] . VA-expressing retinal horizontal cells have been shown to be directly photosensitive and to utilize an opsin-based photopigment with a l max near 477 nm [31] . These results in teleost fish prompted the search for orthologs of the VA opsins in other vertebrate classes, but until recently all attempts had met with failure. This restricted taxonomic distribution of the VA opsins was puzzling because most other opsin classes span multiple vertebrate taxa [32] . This anomaly, along with the distribution of VA opsin within the teleost brain and the absence of a strong molecular candidate for the avian photoperiodic photoreceptors, prompted us to revisit the possibility that homologs of this gene might exist within birds and, specifically, whether an avian VA-based photopigment might reside within cells of the MBH.
Identification of cVA Opsin
The chicken genome database was searched for VA opsin-like sequences and a region on chromosome 6 was detected that showed approximately 70% identity to the teleost VA opsins. The full-length sequences of two isoforms of chicken VA (VA and VAL) were then subsequently isolated by PCR from both ocular and hypothalamic cDNA. The gene (GenBank accession numbers EF055883 and GQ280390) encodes open reading frames of 972 bp (cVA) and 1080 bp (cVAL), which encode predicted proteins of 323 and 359 amino acids, respectively. Both show all of the key features normally associated with an opsin photopigment (see Figure S1 , available online). During the course of this work, two other publications reported partial sequences from the chicken VA locus. The first study, by Tomonari and colleagues [33] , describes the identification of two splice variants in an E16 chick retina of 98 and 280 amino acids, respectively. These sequences were termed ''VA opsinlike'' because they did not contain seven transmembrane domains and lacked several of the key features of a functional opsin. The sequence of the longest clone was deposited in GenBank (accession number AB295600). The second study, by Kojima et al. [34] , also reported a partial VA sequence, deduced via a bioinformatic approach from the chicken genome. For comparison, we have aligned our full-length chicken VA (cVA and cVAL) sequences with these partial sequences in Figure S1 .
Additional bioinformatic analyses of other genome databases allowed us to identify VA-like genes in multiple vertebrate classes, including the Amphibia (Xenopus laevis), the Reptilia (Anolis carolinensis), and the Elasmobranchii (Callorhinchus milii), but failed to find any VA homologs within the mammalian databases. A phylogenetic analysis of the deduced VA proteins places the newly identified sequences in a separate clade (Figure 1 ).
Functional Expression of cVA Opsin
To determine whether cVA was capable of forming a functional photopigment and capable of mediating phototransduction, we used an in vitro heterologous expression system described previously [35] . Full-length cVA and cVAL were both cloned into the expression vector pIRES2-AcGFP and transiently transfected into Neuro-2A cells. Whole-cell patch-clamp recordings from transfected fluorescent cells, expressing either cVA or cVAL, demonstrated light-dependent inward currents in the presence, but not the absence, of 9-cis-retinal chromophore (Figure 2) . Similar results were also found when the pigments were reconstituted with 11-cis-retinal. These results demonstrate that both cVA and cVAL can elicit a retinaldependent light response in vitro, consistent with the activity of a fully functional opsin photopigment that can couple to a ubiquitous G protein cascade in Neuro-2A cells.
Localization of cVA Opsin
We originally isolated cVA by PCR from hypothalamic cDNA. In order to provide a cellular localization of cVA protein within the avian hypothalamus, we raised an antibody (VA-85) against a peptide corresponding to an amino-terminal region predicted to be extracellular and common to both isoforms ( Figure S1 ). Analysis of adult chicken tissue identified a protein that resolved at w50 kDa in hypothalamus ( Figure S2A ). At present, we assume that the single protein detected in these conditions corresponds to the more highly expressed VA short isoform. b-actin was used as a loading control ( Figure S2B) . This antibody was then used for the immunocytochemical localization of VA opsin within the chicken and quail brain (quail data shown in Figures S3A-S3D) . In chicken and quail we identified strong labeling of both perikarya and fibers within the anterior and midhypothalamus and an extensive projection of fibers into the median eminence (Figures 3A-3C ; Figures  S3A-S3D ). In the anterior hypothalamus of the chicken, VAimmunoreactive (VA-ir) perikarya extend in a rostrocaudal direction from the preoptic area to the paraventricular nucleus (PVN). The number of VA-ir neurons decreases in the caudal part of the PVN, and finally all immunoreactive perikarya disappear at the level of the tuberal hypothalamus. However, ir-fibers run ventrally and medially through the basal hypothalamus to the ME. These VA-ir fibers occupy the inner region of ME and form a compact tract. Notably, ir-fibers extend from this tract to pass through the external zone of the median eminence to terminate adjacent to the PT ( Figure 3C ).
In this paper we describe the isolation of an ortholog of VA opsin from the chicken (cVA) and demonstrate that its two isoforms (cVA and cVAL) form functional photopigments capable of mediating phototransduction. Further, we show that VA opsin is expressed within a discrete population of hypothalamic neurons within the MBH with extensive projections to the median eminence. On the basis of these results, we suggest that VA opsin-based photoreceptors provide the means of day length detection in birds and propose an updated model of the avian photoperiodic response that incorporates these findings (Figure 4 ). The precise link between VA photoreception activation of the PT remains unresolved, but two interesting possibilities are suggested by the anatomical findings. Light detection could be mediated by the VA-ir perikarya located within anterior and medial hypothalamus. Photic stimulation of these cells would then result in the release of excitatory neurotransmitters from VA terminals within the ME or close to the PT. Alternatively, the plexus of VA-ir fibers within the ME and adjacent to the PT may respond to light directly. If this were the case, then the VA-based hypothalamic photoreceptors resemble the melanopsin-based photosensitive retinal ganglion cells (pRGCs) of the mammalian retina, which detect light via a photosensitive fiber network [36] [37] [38] .
In both birds and mammals, increasing day lengths promote TSH secretion from the PT. TSH then travels to ependymal cells of the ventral hypothalamus, which stimulates DIO2 enzyme activity and the conversion of T 4 to T 3 [39, 40] . T 3 is then responsible via the GnRH system for the regulation of pituitary hormones involved in the photoperiodic response. These final links in the photoperiodic chain appear broadly conserved between birds and mammals; the differences occur at the level of photoperiodic detection. Birds use deep brain photoreceptors to regulate TSH production in the PT, whereas mammals have ''replaced'' deep brain photoreceptors with a much less direct photosensory pathway. In mammals, photoperiod is detected by melanopsin-based pRGCs, which, inturn, alter the pattern of neural activity within the suprachiasmatic nuclei (SCN). The SCN, via a multisynaptic pathway to the superior cervical ganglion, regulates the sympathetic input to the pineal gland and hence melatonin synthesis and release. Melatonin release from the pineal mirrors the night length. The PT of mammals possesses a very high density of melatonin receptors, and the duration of melatonin release from the pineal regulates TSH release from thyrotroph cells within the PT [17] . Precisely why and when the birds and mammals diverged in their photoperiodic detection mechanisms is unclear, but a partial explanation may be related to the early evolutionary history of mammals and their passage through a ''nocturnal bottleneck.'' Modern mammals appear to have been derived from nocturnal insectivorous or omnivorous animals, in a process that began about 100 million years ago [41] . Although deep brain photoreceptors would have been adequate for monitoring the phase of twilight in a diurnal species, they probably lacked the sensitivity to detect light reliably in a nocturnal mammal emerging from its burrows at dusk. Perhaps deep brain photoreceptors, along with VA opsin, were lost in the early mammals when they moved into the nocturnal realm during the Triassic.
Experimental Procedures
Full methods and any associated references are available in the Supplemental Data.
Identification of Chicken VA cDNA The amino acid sequences of zebrafish VAL (accession number AB035276) and zebrafish VA (accession number AB035277) were used in BLAST searches of the chicken genome database (http://www.ensembl.org/ Gallus_gallus/blastview). The genomic sequence identified was used to design chicken-specific primers for PCR: a forward primer that started at the putative initiation codon VA1F (5 0 -ATGGATGTATTCAGAGCACTT-3 0 ) and two reverse primers at the predicted stop codons of each isoform, On the basis of the evidence presented in this paper, we propose that the avian photoperiodic photoreceptors comprise a population of photosensitive VA opsin neurons. VA immunoreactive (VA-ir) perikarya are located within the anterior and medial hypothalamus and send VA-ir projections (blue dots) to the posterior hypothalamus and form a compact tract within the inner region of the median eminence (ME). A small number of VA-ir fibers extend from this tract and lie adjacent to the pars tuberalis (PT). Light detection could occur at several levels. VA-ir perikarya might be the primary site of photoreception, leading to excitatory neurotransmitter release from VA-ir projections within the ME and/or close to the PT. Alternatively, the plexus of VA-ir fibers within the ME and adjacent to the PT could form a photosensitive net, responding to light directly. At this stage, we would also not exclude the possibility that there might be some contribution from ocular photoreceptors or even additional encephalic photopigments, such as melanopsin (Opn4) [28] , for the detection of photoperiod. Indeed this seems likely because multiple photoreceptor classes appear to be involved in the regulation of vertebrate circadian rhythms [42] . The measurement of day length information involves the use of a circadian timer, but its precise location remains unknown. In mammals the PT has been implicated as containing a circadian timer for the measurement of day length [17] , and a similar arrangement might exist within birds. Alternatively, clock cells could be located within the MBH [15] . Photoperiodic information is communicated to cells within the PT, and thyrotrophs produce thyrotrophin (TSH). TSH stimulates specialized ependymal cells called tanycytes. Tanycytes line the base of the third ventricle (VIII) and span the space between the ventricle and base of the brain. Upon stimulation with TSH, tanycytes alter the expression of type 2 and type 3 deiodinase (DIO2 and DIO3), which in turn alters the ratio of the prohormone thyroxine (T 4 ) to bioactive triiodothyronine (T 3 ). T 3 may act locally on the tanycytes, altering their interaction with the neurosecretory terminals of the gonadotropin-releasing hormone (GnRH) neurons. Alternatively, T 3 may alter GnRH gene expression within the perikarya located in the anterior and medial hypothalamus, perhaps reaching these neurosecretory neurons via the third ventricle. Either way, long stimulatory day lengths, via this somewhat circuitous route, cause the release of GnRH into the portal blood to the pars distalis (PD) of the pituitary gland. PD endocrine cells are then stimulated to release follicle-stimulating hormone (FSH) and luteinizing hormone (LH) into the general circulation. These hormones travel to the reproductive organs to regulate the production of the steroid hormones, which include testosterone and estrogen.
VAshort (5 0 -CTAAACTATGGATATGGAAGA-3 0 ) and VAlong (5 0 -CTAAGAAAT GGTGCTTCGTAC-3 0 ). PCR was performed under the following conditions: an initial denaturation step at 94 C for 3 min, then 94 C for 1 min, annealing at 52 C for 1 min and extension at 72 C for 1.5 min for 40 cycles, followed by a final extension at 72 C for 7 min. Each 50 ml reaction contained 1.5 mM MgCl 2 , 200mM dNTPs, 0.2 mM of each primer, 1U Taq DNA polymerase (Invitrogen), and 1ml of template. Use of adult chicken ocular cDNA as template produced several fragments. One fragment of 972 bp, obtained with VAshort, and several fragments, including one of 1080 bp, obtained with the VAlong primer, were cloned into the vector pGEM T-easy and sequenced.
Accession Numbers
The GenBank accession numbers for the VA and VAL sequences reported in this paper are EF055883 and GQ280390, respectively.
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Supplemental Data include Supplemental Experimental Procedures and three figures and can be found with this article online at http://www.cell. com/current-biology/supplemental/S0960-9822(09)01405-5.
